The time evolution of the electron structure is investigated in a molybdenum foil heated up to the warm dense matter regime by a femtosecond laser pulse, through time-resolved XANES spectroscopy. Spectra are measured with independent characterization of temperature and density. They are successfully compared with ab initio quantum molecular dynamic calculations. We demonstrate that the observed white line in the L3-edge reveals the time evolution of the electron density of state from the solid to the hot (a few eV) and expanding liquid. The data indicate a highly nonequilibrated state, 5 ps after heating. The study of Warm Dense Matter (WDM) shows a strong renewed interest, due to advances in transient techniques to create matter in this regime [1] [2] [3] [4] [5] [6] , and in first principles calculations to simulate the physical properties 7, 8 involved in various physical domains such as planetary physics 9 , inertial confinement fusion 10 , and applied laser processes 11 . The difficulty of modeling comes from the atomic level: disordered matter, partially degenerate electrons and strongly coupled ions. In most situations, ab initio Quantum Molecular Dynamic (QMD) simulations are required, considering both the ion spatial distribution through molecular dynamics and the nearcontinuum electron structure through Density Functional Theory (DFT). DFT is the cornerstone of calculations of most physical properties (equations of state, transport coefficients, ...). Valuable experimental data are needed to support the constant improvements of numerical codes 12 .
In principle, X-ray Absorption Near-Edge Spectroscopy (XANES) provides access to the electronic structure, since it probes near-continuum unoccupied states from core levels. Alternatively, X-ray Emission Spectroscopy (XES) has been proposed to probe the corresponding occupied states 13 . Yet little data are available. The first were obtained near the K-edge of warm dense aluminum. At solid density and above, the near free electron gas Density Of State (DOS) was essentially unchanged. The main modifications observed in the XANES spectra concerned the K-edge shift associated with the change in the core-level screening 14 . During expansion below the solid density, in contrast, the electron DOS was progressively modified during the metal -nonmetal transition, and was revealed by a pre-edge peak in XANES spectra 15, 16 . In another study, the metallization of warm dense silica at high temperature has been diagnosed by the Si K-edge shift from the bottom of the valence band (insulator) down to the Fermi energy (semimetal) 17 . Time-resolved XANES (Tr-XANES) measurements have also been reported on warm dense copper (noble metal). They were used to retrieve the temporal evolution of the electronic temperature through comparison to theoretical calculations 18 , and to address the electron -ion equilibration dynamics in rapidly heated matter.
In this letter, we present Tr-XANES study of femtosecond laser-heated molybdenum. This last has been chosen as a prototype transition metal. Their near-continuum electron structure is dominated by a d−band that plays a key role in their physical properties. The white line observed in the L3-edge spectra is used to reveal the rapid time evolution of the electron DOS. Spectra are measured with independent control of temperature and density, and they are successively compared with ab initio QMD calculations. The experimental data suggest a non-equilibrium state in the first picoseconds, where the DOS is still solid-state-like while the electron temperature reaches several eV.
The principle of the XANES measurement is presented in Fig. 1a . Spectral features near the Mo L3-edge are dominated by photoabsorption that couples the 2p 3/2 core level with vacant 4d−states above the Fermi energy E F . As the 4d−band is highly localized in energy, a strong absorption peak also called the White Line (WL) is expected. This WL is conventionally interpreted as resulting from the unoccupied electron DOS in condensed matter 19 . We further demonstrate that the WL directly reveals the electron DOS spectral shape, in a large thermodynamical domain from solid to WDM.
The experiment has been performed at the Matter in Extreme Conditions (MEC) instrument at the Linac Coherent Light Source (LCLS). The experimental setup and the XANES measurement procedure have been previously described 20 . A 100 nm thick Mo sample deposited on a 100 µm thick plastic substrate, and covered by an 8 nm layer of amorphous carbon, is heated by a femtosecond laser pulse (300 fs, 4 J/cm 2 , p−polarized at 800 nm) at 12
• incidence angle. It is probed at different delays by the ultrashort x-ray pulse delivered by the LCLS. The synchronization has been monitored during the experiment, by using the plasma switch method 21 , providing ≤ 1 ps temporal jitter. For each delay, about 20 successive shots are accumulated in order to obtain a XANES spectrum with a few % noise level.
The thermodynamic conditions of the sample have been determined by using the 1D Lagrangian code ESTHER 22 . The laser absorption is calculated by solving the Helmholtz equations. The time evolution is described by hydrodynamics coupled to a two-temperature (electron and ion) multiphase equation of state 23 , with consistent ion heat capacity. The electron-ion energy transfer is described by the electron-phonon coupling factor taken from Lin et al. 24 . The thermal equilibrium is reached in 2 ps. In the first picoseconds, the Mo layer density remains close to that of the solid. After ∼ 20 ps, because of the high induced pressure, the sample significantly expands, leading to the simultaneous decrease of both temperature and density. At long delays, a portion of the sample expands (laser side), while the other part is slightly constrained by the plastic substrate.
In order to constrain the hydrodynamic simulations, an independent experiment has been performed on the Eclipse laser facility at the CELIA laboratory, using the same samples and similar laser parameters with a fluence varied from 2 to 10 J/cm 2 . Fourier Domain Interferometry has been used as a standard technique to determine the surface velocity 25 . A good agreement is found (≤ 20%) with hydrodynamic simulations. Densities and temperatures corresponding to the delays of XANES measurements are reported in Fig. 2 . Data are averaged along the Mo layer thickness and the inhomo- geneities are reported in the error bars (standard deviations). At short delay (several ps), we probe near solid density at 21, 500 ± 9, 500 K. At longer delays (up to 2 ns), the sample is still hot (∼ 10, 000 K), but the density drops to a few g/cc. The conditions considered for QMD simulations, representative of the experiment are also reported in Fig. 2 .
Some characteristic Mo L3-edge XANES spectra are reported in Fig. 3 . They are dominated by a white line with a ∼ 5 eV width. Its amplitude and spectral shift are plotted in Fig. 4 as a function of the delay. In the first picoseconds after heating, the WL amplitude is decreased to 85±5%, then increases slightly to reach ∼ 90% of the cold value at longer delays (∼ 1 ns). The evolution of the spectral shift is not as fast. It takes a few 100 ps to reach a maximal value of −1.10 ± 0.15 eV. The time scales of the temperature and density evolution (cf. Fig. 2 ) suggest that the WL amplitude decrease could be associated to the fast temperature increase, while the WL negative spectral shift could result from the slower density decrease. Among all the experimental data, the spectrum registered at 5 ps is the only one to present 3: (color line) . Some representative XANES spectra measured before the laser heating (cold: a)), just after heating when the sample is supposed to be hot and still near solid density (5 ps time delay: b) and c)) and at longer time during hydrodynamic expansion that reduces both the temperature and density (1025 ps time delay: d)). Measurements (full lines) are compared with simple calculations from the electron DOS (dotted lines), and with full QMD calculations (dashed lines). The measurement uncertainty is illustrated by the grey area. The spectrum observed for the cold sample is reported as a reference (thin line). The values of density and temperature used for the calculations are indicated in the respective plots. The calculation considers equilibrated temperatures in a), b) and d), and a non-equilibrium situation in c). a pre-edge structure, just before the WL. Note that it significantly emerges from the cold WL outside the experimental uncertainty 20 . To simulate molybdenum at a given thermodynamic state, we perform molecular dynamics simulations using the ab initio plane wave density functional theory (DFT) code Abinit 26, 27 . DFT is applied together with Generalized Gradient Approximation 28 . Simulations are performed in the framework of the projected augmented wave (PAW) method 29,30 using a PAW data set including semi-core states which has been benchmarked extensively against physical properties obtained from experiments 31 . The PAW data set is generated with 14 outer electrons (4s 2 4p 6 4d 5 5s 1 ). To reproduce the Mo L3-edge white line, a first approach consists in performing an ab initio calculation of the absorption cross section following the methodology described in 32 (more details are given in the Supplementary Materials). A second analytical approach is considered, based on the simple picture presented in Fig.  1a . The electron d−DOS obtained from ab initio calculations is multiplied by (1 − f (E)), where E is the energy and f (E) the Fermi-Dirac occupation factor depending on the electronic temperature T e . The resulting unoccupied DOS is then convoluted by a Lorentzian function that reflects the 2p 3/2 core-hole lifetime. Its width is 1.56 eV FWHM, as obtained from an atomic configurationaverage calculation 33 . The two calculated spectra are compared to the experiment in Fig. 3 a) , considering the case of cold solid Mo. A very good agreement is obtained, validating the WL as a direct diagnostic of the 4d−band DOS.
The electron DOS has been calculated by QMD for all conditions reported in Fig. 2 . Some representative results are plotted in Fig. 1b . The cold solid exhibits a structured 4d−band, mainly composed of two separate energy regions. The first one is filled up to the Fermi energy (occupied states). The second one is empty (unoccupied states resulting in the WL). The Fermi level is located in the deep minimum which is a characteristic feature of bcc transition metals. The 4d−band envelop is significantly affected when the temperature increases. The structures disappear to form a fairly flat and slightly broadened band, as illustrated in the calculation performed at 20,000 K. Such behavior is observed at temperatures as low as 4,000 K confirming that it is highly correlated with the transition from solid to liquid phase, as previously reported in photoelectron spectroscopy measurements 34, 35 . The decrease in density results in a negative energy shift of both the 4d−band and the Fermi energy E F . The shift of E F is -1.0 eV when going from solid (10.12 g/cc) down to liquid density (9.56 g/cc), then the shift reaches -10.5 and -15.8 eV at 5 and 2.5 g/cc.
These electronic DOS changes result in a modification of the XANES spectra. Both calculations (WL estimated from the DOS and QMD full XANES simulations) are compared with experimental data in Fig. 3 . The DOS blurring and broadening occurring at high temperature result in a decrease of the WL amplitude. The level of this decrease fits well with the observations at relatively long delays (≥ 100 ps when the temperature is close to 10,000 K). The agreement is less satisfactory at the shortest delay (5 ps), which will be discussed.
The DOS energy shift with the density results in a WL energy shift. But, a proper calculation requires additional information about the core-level energy (2p 3/2 ) that is also modified with the density, since the atomic potential screening is affected. The core-level shift cannot be directly calculated by the QMD simulations, in which only the 14 outer electrons are explicitly treated. Therefore, a calculation has been performed using the DFT Wien2k code, taking explicitly into account all the electrons in the Mo electronic cloud 36 (see Supplementary Materials for more detail). Both the 2p 3/2 energy level and E F are predicted to ∼ linearly decrease when the density decreases from the solid to a few g/cc, before converging towards the isolated atom values (below 1 g/cc). Consequently, the E F decrease is mainly compensated by the core-level shift. From the solid down to the liquid density, this results in a quasi unmodified energy position for the WL, in agreement with the measurements at the shortest delays. At 5 and 2.5 g/cc, residual WL energy shifts of ∼ −0.9 and ∼ −1.8 eV are predicted by the calculations, in close agreement with the spectra measured at the longest delays (cf. Fig. 3d ) .
The L3-edge Mo XANES spectra are well reproduced by both calculation approaches, (except the measurement at 5 ps). This agreement confirms that the observed WL modifications can be interpreted in the whole density-temperature domain explored in this study, in terms of associated DOS changes: i) the WL amplitude decrease reveals the DOS blurring when the temperature increases, ii) the WL negative shift is due to the DOS energy shift when the density decreases.
The spectrum registered at the shortest delay (5 ps) exhibits a pre-edge structure. In Fig. 3b , we report calculations performed at 20,000 K and liquid density (expected average conditions at 5 ps, cf. Fig. 2 ). They show a WL amplitude decrease significantly stronger than observed, as well as a broad slope in the rising edge due to the temperature dependence of f (E). This is clearly different from the pre-edge observed in the experiment. The XANES spectrum measurement could be affected by the large temperature gradient as a function of depth expected at short delays. By considering a deliberately extreme situation (half of the Mo layer at 300 K, and the other half at 35,000 K), the average XANES spectrum remains similar to the one calculated at 20,000 K, and does not result in a pre-edge. A satisfactory agreement is found, if we consider a non-equilibrium situation where the electronic temperature is T e = 20,000 K, while the DOS is still structured as in the cold solid (cf. Fig. 3c ). The corresponding unoccupied DOS is plotted in Fig. 1c .
The increase in T e promotes some electrons from the first energy region (initially full) to the second one (initially empty). That results in a peak pattern in the unoccupied DOS just below E F , responsible for the pre-edge structure observed in the XANES spectrum. A similar feature has been observed in previous calculations, when increasing the ionization state of bcc Mo 37 .
Such a non-equilibrium situation is unexpected as late as 5 ps after heating. The electron DOS is supposed to adapt very rapidly to the atomic spatial distribution (on a femtosecond time scale). If we consider that the sample transforms into a hot liquid as soon as the ionic temperature exceeds the melting temperature, then the time scale should be even shorter than the electron-ion thermal equilibration estimated to be achieved in 2 ps 24 . Recent papers suggest that the electron-ion coupling could be reduced in the WDM regime, which would lead to longer equilibration times 38, 39 . Previous studies suggested that a hot electron population (a few eVs) could strengthen the lattice stability and thus delay the melting time 40, 41 . This is expected for some noble metals, but not for transition metals such as molybdenum 42 . A final possibility is that additional delay is needed for the atomic spatial distribution to change after the melting temperature is reached, or because of hydrodynamic effects.
In summary, we present time-resolved XANES spectra measured near the L3-edge of a molybdenum foil rapidly heated by a femtosecond laser pulse. The hydrodynamic expansion has been carefully estimated from calculations and optical measurements. Just after heating, the warm dense molybdenum temperature reaches a few eV at near solid density. Then, the density progressively decreases down to a few g/cc. XANES spectra are dominated by a white line whose shape and time evolution are successively reproduced by ab initio QMD calculations. We demonstrate that it can be directly interpreted in terms of the unoccupied electron DOS near the continuum. From this study, we deduce that the electron DOS is blurred and broadened when the temperature increases beyond melting. When the density decreases, the DOS shifts towards low energies. In the XANES spectra, this last effect is partially compensated by the 2p 3/2 corelevel energy shift due to the change in screening. At the shortest time delay (5 ps), the observed XANES spectrum suggests a non-equilibrium situation (a high electron temperature ∼ 2 eV, but still solid-state-like electron DOS). Further experimental studies are needed to find out the details of such a non equilibrium persistence during the ultrafast transition from solid to WDM. This work was supported by the French Agence Nationale de la Recherche, under grant OEDYP (ANR-09-BLAN-0206-01) and by the GENCI program providing computational time under the program GEN6046 and GEN6454. The authors gratefully acknowledge Benoit Chimier and Olivier Peyrusse for fruitful discussions respectively concerning hydrodynamic simulations and XANES spectra calculations, Rodrigue Bouillaud and Laurent Merzeau for their technical assis-
